Abstract-The aim of this work is to present a physical implementation of a noninvasive methodology to analyze the directional sensitivity of human auditory system. A computer controlled experiment set-up has been designed and developed to study the behavior of human beings under the presentation of interaural time delays and interaural amplitude differences for several sensation levels. Numerous lateralization judgments are accomplished in order to investigate the transduction mechanism which allows deciding in which side of listener medial plane the source of binaural acoustic stimuli is located
INTRODUCTION
Human binaural hearing has the property of efficiently distinguishing and selectively responding to individual sound sources even in noisy or reverberant environments. For decades this feature of the human auditory system and its subjacent neuro-physiological mechanisms have been arousing a particular scientific interest, which has recently increased with the development of computational auditory scene analysis (CASA) tools [1] and with the advent and improvement of bilateral cochlear implants [2] , [3] . Moreover, the proper modeling of such mechanisms should provide a better understanding of auditory system directional sensitivity while under strong reverberation environments [4] .
Since 1907 it has been known that human listeners can localize or lateralize tones on the basis of interaural phase differences or interaural time differences [5] , [6] . Indeed, an interaural time delay (ITD) occurs because of the slightly different distances taken by the acoustic signal in the way towards the left and right ears [1] . Also, chiefly at frequencies above a few thousands of hertz, an interaural amplitude difference (IAD) is observed due to the attenuation produced by the head shadow over the ear which is more distant from the sound source [1] . It is reasonable to suppose that the perception of ITDs and IADs by the auditory system is related to the brain ability of precisely localizing a sound source.
Therefore, an experimental methodology to investigate the psychoacoustical behavior of human beings in lateralization judgments of binaural acoustic stimuli consists of presenting to the left and right ears pairs of signals with amplitude differences and time delays between each other. These IADs and ITDs should be similar to the ones commonly produced by natural acoustic stimuli. The way human beings recognize that a sound source is either in the left or in the right side with respect to their medial planes is thus scrutinized in the light of statistical techniques, providing a better comprehension on the phenomenon and reliable resources for model development.
In order to properly implement such methodology, an experiment set-up should allow the computation of numerous judgments with the adequate expedients to avoid hearing accommodation. The present work describes an experiment setup designed to investigate how volunteer listeners accomplish binaural stimuli lateralization. The proposed set-up deals with listeners in a noninvasive manner and comprises an electronic interface between the volunteer listeners and a computer in order to synchronize and control the presentation of acoustic stimuli and the encoding and recording of human reactions.
II. EXPERIMENT SET-UP

A. Experimental Technique
The experimental technique used here consists of submitting a volunteer listener to binaural earphone presentations of two trains of low-pass filtered pulses at the rate of 20 pulses-per-second and 100 μs pulse width. The cutoff frequency of the low-pass filter is 1560 Hz. It should be noted that natural audio stimuli at frequencies above this value produce undistinguishable Interaural Time Delay (ITD) [1] .
Time delays and amplitude differences between the trains of pulses presented to the left and right ears are randomized by computer programming. Thus, the random ITD ranges from -350 to +350 μs in steps of 100 μs and the random IAD ranges from -4 to +4 dB in steps of 1 dB. According to diffraction theory the maximum possible ITD for typical sizes of human head is about 660 μs, while the maximum possible IAD is not well predicted and depends upon the source distance, frequency and arrival angle of the sound [1] . On the other hand, the just-noticeable difference (JND) is in the order of 10 μs for ITDs and in the order of 1 dB for IADs, with low-frequency pure tones [1] .
In the experimental technique here applied a particular configuration of ITD and IAD is presented until the listener decides whether the virtual acoustic-image is located on the right or on the left side of his (her) medial plane.
In the physical set-up designed and implemented in this work for the purpose of applying this technique, the listener's judgments are expressed by pressing a switch either in the right or in the left side with respect to his (her) medial plane, according to his (her) perception of the virtual acoustic-image location. Each judgment is codified by an electronic interface as a pulse with two possible voltage levels. The time elapsed between the beginning of the pulses presentation and the listener's decision is measured and recorded. After a 5 seconds rest period, new trains of pulses are presented to the volunteer listener with another configuration, or another set of random values of ITD and IAD. This procedure is repeated 128 times in each session of the experiment, taking approximately 30 minutes.
The threshold level is determined -in each volunteer listener -before starting the experiment, and the sensation level (SL) set at 10, 20, 30 and 40 dB in different sessions, at random. Figure 1 illustrates the block diagram of the binaural experiment set-up implemented in this work in order to provide an automatic data acquisition system using the technique described in the previous subsection. In this diagram, the computer provides two audio signals which are processed by analog equipment (mixer, attenuator, low-pass filter and amplifier) towards two headphones which excite the listener's left and right ears. The listener's responses, in the form of switching voltage pulses, are conveyed to a digital interface circuit which generates the synchronization signals for the proper computer operation. The experiment set-up has been built and measurements have been accomplished in the Department of Bioengineering of Imperial College, London.
B. Data Acquisition System
A computer program has been developed according to the flow graph in Figure 2 . This algorithm is better understood by explaining the operation of the digital interface whose logic schematic is detailed in Figure 3 (inside the dashed rectangle). Let us consider three situations: no judgment, left side decision and right side decision.
In the no judgment situation, we assume that trains of pulses are generated at random by the computer and appear at the inputs P1 and P2 of the analog equipment leading to the headphones. However, since the volunteer listener has not made a decision yet, the inputs 2 of conjunction gates AND1 and AND2 are both at low logic value and so the output of the OR gate. The output Q of the monostable M1 is at a high logic value allowing the audio pulses to be conveyed to the mixers inputs through conjunction gates AND3 and AND4 (not shown in Figure 2 ) without changing ITD and IAD. The output S of the interface (complementary to the monostable M2 output Q ) is at a low logic value enabling the judgment time counting as seen in Figure 2 (first lozenge from top to bottom). Since the algorithm vertical flow is paused as long as S remains low, the interfaces outputs W and J do not affect the computer operation.
In the left side decision situation, by pressing the switch the volunteer listener assigns a high logic value to the LEFT input of the interface and a low logic value to the RIGHT input. Thus, the outputs of AND1 and AND2 are temporarily high and low respectively, sending through monostables M3 and M4 a two-bits entry equal to "10" for 50 ms to the D/A converter (a ladder network). This entry is converted to a judgment code J equal to 1.5 volts. As seen in the algorithm flow graph of Figure 2 , with the output of the OR gate temporarily set to a high logic value, since S changes to a high logic value for 120 ms, the time counting stops and the value of J, as well as the values of ITD, IAD and of the judgment time are recorded. Also the outputs Q and Q of monostable M1 are set to a high and a low logic value respectively for 5 s, so that pulses are no longer presented to mixers during this rest period, after which another configuration of ITD and IAD is randomly assigned and a new test is applied, unless n = 128.
In the right side decision situation, the operation is similar to the left side decision situation, except for the logic values of AND1, AND2, M3 and M4 outputs, which are complementary to the former situation, and for the analog value of J which is equal to 0.75 volts.
III. RESULTS
Using the computer-based method described in the previous section, the time each volunteer listener has taken to make a decision has been measured for each judgment and the judgment code has been recorded. Sessions of 128 judgments have been repeated through several days performing a total of about 13 sessions and 1664 judgments per sensation level per listener. Each listener's decision time has been averaged along the 13 sessions for each order of judgment (from 1 to 128) for each sensation level. Table I summarizes some results concerning the decision time. MEAN is the average decision time along all judgment orders per session and along all sessions, SD is the standard deviation, RANGE consists of the minimum and maximum values of the measured decision time, JUD.Number is the number of decisions made by the listener in all the experimental sessions related to each specific Sensation Level reported and ORDER refers to the order each Sensation Level (SL) has been presented to the listener. In Figure 4 the averaged judgment time per Sensation Level is plotted against Sensation Level for all listeners. This curves show the expected decreasing of the delay required for a decision with the augmentation of Sensation Level.
The results here obtained indicate that the variability in judging time is idiosyncratic, peculiar to each listener, within a relatively wide range for each single record and among listeners. They also suggest that the current assumption of balanced acoustic input is justified and also that there is no evidence of any significant adaptation effects in the experimental psychoacoustical results shown here.
The frequency of left or right decisions for each combination of ITD and IAD and for each Sensation Level has been recorded and the ensemble of all frequencies for each listener have been submitted to statistical analysis, as reported in [8] , using the Probit Method [9] in order to model binaural lateralization mechanism. This work describes the implementation of an experiment set-up for the analysis of human behavior in lateralization judgments of binaural acoustic stimuli. This experiment set-up employs a classical methodology based on the presentation to both ears of trains of pulses with interaural time delays (ITD) and interaural amplitude differences (IAD).
In our experimental system the ITD and IAD values are randomly set by a computer program for each presentation of train of pulses. As soon as the volunteer listener makes his(her) decision (left or right side) and after a 5 s rest period another configuration is automatically established. A proper synchronization between the pulses presentation and the listener's reactions is provided by an electronic interface.
Such features allow the fast computation of a great amount of listener's responses. Moreover, the system operates automatically and, except for the interaction with the listeners under test, there is no need of other human interference. In turn, the listener's interaction with the experimental system is limited to the pressing of a switch followed by the rest period. Therefore, hearing adaptation is strongly minimized, which assures the reliability of measured data.
The approach used in this work offers a simple way to obtain psychophysical responses that can be related to neurophysiological phenomena. Indeed, according to such approach it is possible to access neural information through psychoacoustical experiments, without needing invasive methods.
